Curative cancer treatment regimens often require cranial irradiation, resulting in lifelong neurocognitive deficiency in cancer survivors. This deficiency is in part related to radiation-induced apoptosis and decreased neurogenesis in the subgranular zone of the hippocampus. We show that lithium treatment protects irradiated hippocampal neurons from apoptosis and improves cognitive performance of irradiated mice. The molecular mechanism of this effect is mediated through multiple pathways, including Akt/glycogen synthase kinase-3B (GSK-3B) and Bcl-2/Bax. Lithium treatment of the cultured mouse hippocampal neurons HT-22 induced activation of Akt (1.5-fold), inhibition of GSK-3B (2.2-fold), and an increase in Bcl-2 protein expression (2-fold). These effects were sustained when cells were treated with lithium in combination with ionizing radiation. In addition, this combined treatment led to decreased expression (40%) of the apoptotic protein Bax. The additional genes regulated by lithium were identified by microarray, such as decorin and Birc1f. In summary, we propose lithium treatment as a novel therapy for prevention of deleterious neurocognitive consequences of cranial irradiation. (Cancer Res 2006; 66(23): 11179-86) 
Introduction
Neuropathology resulting from cranial irradiation is rapidly becoming a common cause of neurocognitive deficits in adult and childhood cancer survivors. Cranial irradiation therapy is currently used for the treatment of both primary and metastatic brain tumors as well as leukemia and lymphoma involving the central nervous system. Detrimental consequences of cranial irradiation include long-term cognitive defects, especially in young children (1) (2) (3) (4) , which persist into adulthood (5) . Evidence suggests that the pathogenesis of radiation-induced neurocognitive deficit may involve radiation-induced injury to proliferating neuronal progenitor cells in the subgranular zone of the hippocampus, which is a critical neurologic center for learning and memory (6) . Relatively small doses of radiation have been shown to cause apoptosis in the subgranular zone of young rats and mice as shown by cellular morphology, terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) staining, and DNA laddering (7) (8) (9) (10) . Conversely, little to no apoptosis is observed in other areas of the cerebrum (9) . Radiation also causes sharp and prolonged decline in neurogenesis in the subgranular zone (7, 8, (11) (12) (13) . Clinical studies suggest that radiation-induced damage to the hippocampus plays a significant role in cognitive decline. Cognitive deficits observed in patients after cranial irradiation are related to hippocampal injury, such as learning, memory, and spatial processing (14, 15) . Furthermore, radiation to the hippocampus is associated with more pronounced cognitive deficits (16) .
Although no pharmacologic prophylaxis has been developed to attenuate radiation-induced neurocognitive deficits, several recent studies have shown that lithium exhibits neuroprotective effect against a variety of neurologic injuries (17) (18) (19) (20) . Lithium is a neuroprotective agent with known antiapoptotic activities, which is widely used in the treatment of bipolar mood disorder (21) . Lithium also has a potential use for a wide range of neurodegenerative insults (22) , including potassium and sodium deprivation (23) , ceramide-induced apoptosis (24) , and radiation (25) . The neuroprotective effects of lithium require pretreatment, as the protection becomes apparent only after treatment for more than 2 to 3 days, and maximal effect is observed after 6 to 7 days of treatment. Pretreatment of neurons with lithium chloride (LiCl) for 7 days results in dose-dependent protection against glutamate-induced apoptosis with a EC 50 value of f1.3 mmol/L and maximal protection at 3 mmol/L (20) . In rats subjected to left middle cerebral artery occlusion, a 16-day pretreatment with LiCl significantly reduces neurologic deficits and markedly decreases the size of brain damage (up to 56%; ref. 19 ). This neuroprotection occurs at therapeutic concentrations of LiCl. Specifically, significant protection occurs at 50 mg/kg LiCl with an almost maximal effect at 100 mg/kg.
The molecular mechanisms of lithium protection involve activation of antiapoptotic cell signaling pathway phosphatidylinositol 3-kinase/Akt, leading to the inhibition of glycogen synthase kinase-3h (GSK-3h; refs. 26, 27) . Lithium causes inhibition of GSK-3h, acting both by displacing magnesium and indirectly inhibiting an activating phosphatase (27) . GSK-3h has been shown to inhibit several critical transcription factors that promote cell survival and proliferation, including heat shock factor-1 (HSF-1), activator protein-1 (AP-1), Myc, nuclear factor-nB, nuclear factor of activated T cells, and cyclic AMP-responsive element binding protein (CREB; ref. 28 ). Lithium has also been shown to decrease levels of the proapoptotic proteins p53 and Bax while increasing levels of the prosurvival protein Bcl-2 (29) . In the present study, we investigated LiCl as a potential neuroprotective agent against radiation-induced apoptosis. We analyzed the changes in gene and protein expression and activity following lithium administration before irradiating hippocampal neuronal cells as well as histologic and behavioral effects of lithium in rodent models of radiationinduced neuropathology.
Materials and Methods
Animal models and treatment. Timed pregnant C57/BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, ME). Timed pregnant Sprague-Dawley rats were obtained from Charles River Laboratories (Wilmington, MA). All animal studies were conducted with the approval of the Institutional Animal Care and Use Committees and kept in a temperature and light-controlled environment with a 12-hour light/12-hour dark cycle. LiCl (Sigma, St. Louis, MO) was dissolved in PBS and gave to animals (40 or 80 mg/kg) via i.p. injection daily for 7 days starting on postnatal day 7. Time of treatment and dose of LiCl were chosen based on published data (22, 30) and our pilot experiments. The control treatment group received i.p. 150 mmol/L NaCl, which is most similar to LiCl analogue. Animals were treated with a single dose of radiation on postnatal day 14. Before irradiation, Sprague-Dawley rats were anesthetized with ketamine and xylazine. Mice were anesthetized in a similar fashion or restrained in plastic tubing. Animals were exposed to cranial irradiation using a Therapax DXT 300 X-ray machine (Pantak, Inc., Branford, CT) delivering 2.04 Gy/min at 80 kVp. For histologic stainings, animals were irradiated with 1, 2, 3, 4, 5, 6, 7, 8, or 10 Gy; 10 hours after irradiation, animals were sacrificed by cervical dislocation under isoflurane anesthesia. For Morris water maze studies, the mice were irradiated with 7 Gy; 6 weeks later, the animals were tested.
Morris water maze studies. The apparatus used was a circular pool 92 cm in diameter filled to a depth of 25 cm with water (20jC). Mice could escape the water by finding a clear square platform, approximately 10 Â 10 cm, hidden several millimeters beneath the water. The pool was located in a room with no windows. Many visual cues were present in the room. For the initial visible platform experiments, the platform was marked with a plainly visible black flag. For the hidden platform experiments, the flag was removed and the water was made cloudy with white paint. A video camera suspended above the pool captured the subject's movements (two frames per second). The camera was connected to a Macintosh computer running software custom designed for analysis of Morris water maze studies. For the visible platform experiments, the location of the platform as well as the start location of the mouse changed for each trial. For the hidden platform experiment, the platform location remained constant for all trials, but the start locations changed with each trial. A trial started by placing a mouse into the water facing the wall of the pool in one of four possible start locations, and the camera was immediately activated. Each mouse was given up to 60 seconds to locate the platform. The trial was stopped when 60 seconds had expired or the mouse remained on the platform for >1 second. Four trials per day per mouse were done. All mice underwent the first trial of the day before undergoing a second trial. The visible platform trials were conducted for 5 days. The animals were given 2 days off before beginning the hidden platform experiments, which were conducted for a total of 9 days (5 days, 1 day off, 4 days). The average latency time (the length of time to find the platform in water) for each animal in each trial (FSE) was calculated. To achieve statistically significant results in the Morris water maze study, at least six male and six female mice per group ( four groups) are required and each testing should be done on the same day. To minimize amount of tested animals and make process of testing feasible, one radiation dose of 7 Gy was used for this study. This dose was chosen as optimal for induction of apoptosis according to our histologic staining.
Brain sections and histologic stainings. To determine the numbers of apoptotic cells in the hippocampus, animals were sacrificed 10 or 24 hours after exposure to cranial radiation. The brain was removed and placed in 4% paraformaldehyde solution for 2 days. The frontal lobes were removed before embedding in paraffin. Fixed brains were cut coronally at the parieto-occipital junction, providing elongated exposure of each hippocampus. Coronal sections (5 Am) were then taken and placed on Superfrost Gold Plus slides (Erie Scientific, Portsmouth, NH). The sections were stained with H&E in the standard fashion. TUNEL staining was done with the DeadEnd Colorimetric TUNEL System (Promega, Madison, WI) following the manufacturer's instructions. The superior curvature of the hippocampus was used for quantification of apoptosis in all cases. The subgranular zone was identified as a two-to three-cell-wide layer adjacent to the granule cell layer, facing the hilus. TUNEL-positive or pyknotic cells were counted under a light microscope (Â400). At least four fields were counted per animal, and at least three animals were used in experimental group. The average amount of pyknotic or TUNEL-positive cells (FSE) was calculated.
Cell cultures and treatment. Mouse hippocampal neuronal cells HT-22 were obtained from David Schubert (The Salk Institute, La Jolla, CA) and maintained in DMEM with 10% fetal bovine serum (FBS) and 1% penicillin/ streptomycin (Life Technologies, Gaithersburg, MD). Human glioma D54 and mouse glioma GL261 cell lines were obtained from Dr. Yancie Gillespie (University of Alabama-Birmingham, Birmingham, AL) and maintained in DMEM with Nutrient Mixture F-12 1:1, 10% FBS, 1% sodium pyruvate, and 1% penicillin/streptomycin (Life Technologies). All cells were grown in a 5% CO 2 incubator at 37jC. LiCl was dissolved in the growth medium. Cells were treated with 3 mmol/L LiCl for 7 days before irradiation. Time of pretreatment and dose of LiCl were chosen based on published data (20, 22) and our pilot experiments. The control group received i.p. 150 mmol/L NaCl, which is most similar to LiCl. For the radiation of cells, a Mark I 137 Cs irradiator (J.L. Shepherd and Associates, San Fernando, CA) was used delivering 1.84 Gy/min. Turntable assured that the radiation was equally distributed.
Clonogenic survival. HT-22, GL261, and D54 cells were pretreated with 3 mmol/L LiCl for 7 days, counted with hemocytometer, plated on new plates, and allowed to attach for 5 hours. Cells were than irradiated with 0, 2, 4, 6, or 8 Gy. Medium was changed after irradiation. After 10 to 14 days, plates were fixed with 70% ethanol and stained with 1% methylene blue. Colonies over 50 cells were counted. Survival fraction was calculated as (number of colonies / number of cells plated) / (number of colonies for corresponding control / number of cells plated).
Apoptosis assays for cultured cells. HT-22 cells were pretreated with LiCl (3 mmol/L) for 7 days before irradiation. Camptothecin (5 Amol/L) was added to the cells 6 hours before harvest as a positive control for apoptosis. Pretreated cells were irradiated with 3 Gy and harvested 24 hours after irradiation. Annexin V-FITC Apoptosis Detection kit (BD PharMingen, San Diego, CA) was used for staining of apoptotic cells. Briefly, Annexin V-FITC (5 ng) and propidium iodide (50 ng) were added to 10 5 cells. Stained cells were analyzed by flow cytometry. For each treatment, the average fold increase of apoptotic cells over control (FSE) was calculated.
In separate experiments, morphologic assessment of apoptosis was done on HT-22 cells stained with 4 ¶,6-diamidino-2-phenylindole (DAPI; Life Technologies). Cells were pretreated with 3 mmol/L LiCl for 7 days, irradiated with 3 Gy, and collected after 8, 16, and 24 hours. Apoptotic cells were identified by the presence of nuclear condensation and fragmentation. Apoptotic and nonapoptotic cells were counted in multiple randomly selected microscopic fields. The average percentage of apoptotic cells (FSE) was calculated.
Western immunoblotting. Total protein extraction from treated HT-22 cells was done using Mammalian Protein Extraction Reagent kit (Pierce, Rockford, IL). Protein concentration was quantified using bicinchoninic acid reagent (Pierce). Protein extracts (40 Ag) were subjected to Western immunoblot analysis using antibodies for the detection of phosphorylated GSK-3h ser 9 and GSK-3h , Akt, h-catenin, cyclin D1 (all from Cell Signaling Technology, Danvers, MA); NAIP (P-19), Bax (B-9), Bcl-2 (N-19; Santa Cruz Biotechnology, Santa Cruz, CA); and decorin (R&D Systems, Inc., Minneapolis, MN). Antibody to actin (Sigma) was used to evaluate protein loading in each lane. Immunoblots were developed using the Western Lightning Chemiluminescence Plus Detection System (Perkin-Elmer, Wellesley, MA) according to the manufacturer's protocol. Relative protein levels were determined by densitometry, normalized to actin, and calculated as the ratio of treated samples to untreated samples at each time point.
Microarray analysis of HT-22 cells. Total RNA (30-50 Ag) was isolated from treated (3 mmol/L LiCl for 7 day) and control HT-22 cells using RNeasy Mini kit (Qiagen, Valencia, CA) and RNase-Free DNase Set (Qiagen). Microarray services were done by the Vanderbilt Microarray Shared Resource (VMSR). 5 The RNA samples of high integrity were used to generate cDNA targets for hybridization to spotted arrays according to VMSR standard protocol.
5 Generated cDNA targets were purified using the QIAquick PCR purification kit (Qiagen), dried, and then differentially coupled to ester-linked Cy3 (controls) or Cy5 (LiCl treated) dye (Amersham, Piscataway, NJ). Cy3-and Cy5-labeled cDNA target pairs were combined, cleaned up over QIAquick columns (Qiagen), and hybridized for 16 hours at 42jC on microarrays containing all oligonucleotides from the Mouse Exonic Evidence Based Oligonucleotide (MEEBO) mouse genome set 6 using Maui Hyb Station ( four-chamber model; BioMicro Systems, Inc., Salt Lake City, UT). MEEBO microarrays were produced by Microarrays, Inc. (Nashville, TN). The microarrays were washed, dried, and immediately scanned using a GenePix 4000B microarray scanner (Axon Instruments, Foster City, CA). Data were acquired by using GenePix Pro-6 software (Axon Instruments) and then analyzed using GeneSpring 7.1 software (Stratagene, La Jolla, CA). The Excel file was created for genes representing proteins with specific molecular functions (e.g., transcriptional factors) or known to be involved in different cellular processes (e.g., apoptosis).
Microarray experimental details are available for public review at ArrayExpress 7 with accession number E-MEXP-521. Reverse transcription reactions for real-time PCR. For each sample, three basic reverse transcription reactions with 1 Ag of starting RNA and SuperScript II Reverse Transcriptase (Invitrogen, Carlsbad, CA) were done according to the manufacturer's instructions. The reactions were purified using PCR Purification kit (Qiagen) and quantitated by spectrophotometry.
Real-time PCR using 384-well plates (relative quantification). Reverse-transcribed samples (25 ng/AL) were diluted with water (15% overage) to allow for 10 to 100 ng of template per well. Taqman FAM-labeled 20Â probes were diluted with 2Â Taqman Universal PCR Master Mix to 15% overage (Applied Biosystems, Foster City, CA). Four replicates were run for each sample/probe pair. Template loading and addition of Master Mix were done by the Multiprobe II HT EX liquid handling robot (Perkin-Elmer, Boston, MA). Cycling, data collection, and calculation of the relative quantity of probed RNA were done using the ABI Prism 7900 HT instrument (Applied Biosystems). The assays were done for the following mouse genes: baculoviral inhibitor of apoptosis (IAP) repeat-containing 1f (Birc1f ), decorin, and b-glucuronidase as endogenous control.
Statistical analyses. The mean and SE of each treatment group were calculated for all experiments with statistical analysis. The number of samples is indicated in the description of each experiment. All statistical tests were two sided. P < 0.05 was considered statistically significant.
In Morris water maze studies, logarithmic transformation was applied to normalize the data first because of the skewed distribution of latency. To adjust the intracorrelation effect for mice that had multiple measurements, a restricted/residual maximum likelihood-based mixed-effect model was used for the analysis of latency variable. The mixed-effect model defines latency as a function of treatment group, gender, and time effects. Statistical Analysis System version 9.1 (SAS Institute, Inc., Cary, NC) was used for the analyses.
In all other experiments, variance was analyzed by Student's t test.
Results
Protective effect of lithium administration on radiationinduced cognitive deficit. Cranial irradiation in newborn rodents is associated with severe spatial navigation deficits in the Morris water maze (31) as well as other measures of cognitive function (32) . These deficits can be accounted for neuronal precursor cell dysfunction in the subgranular zone caused by radiation (11) . Published data (22, 30) suggest that 7 days of lithium pretreatment with the dose of 40 to 80 mg/kg show the maximal protection from neurodegenerative insults. To determine whether lithium treatment attenuates deficits in cognitive functions caused by radiation, C57/BL6 mice were treated with daily i.p. injections of 40 mg/kg LiCl starting postnatal day 7 and irradiated with 7 Gy on postnatal day 14. This dose was chosen as optimal for induction of apoptosis according to our histologic results ( Supplementary Figs. S2 and S3; Figs. 2 and 3) . Six weeks later, the animals were subjected to Morris water maze testing. We observed that female mice were particularly debilitated by irradiation, taking an average of twice as long to locate the hidden platform on the last day of testing compared with their male littermates (28.1 versus 14.6 seconds; P = 0.027; Supplementary Fig. S1; Fig. 1A ). This sex difference in radiation-induced neurocognitive dysfunction supports clinical findings that females are at increased risk for developing severe cognitive deficits compared with their male counterparts (4, 5, 33) . Although all groups of mice achieved comparable latency times on each day of training, significantly lower latency times were observed after 9 days of learning in mice treated with lithium before radiation compared with animals treated with radiation alone (P = 0.02 for both males and females; Supplementary Fig. S1; Fig. 1B ). The latency time was 28 seconds in irradiated females, which was reduced to 14 seconds in LiCl-pretreated female littermates (P = 0.024). Likewise, irradiated males showed latency time of 14 seconds, which was reduced to 7 seconds in LiCl-pretreated male littermates (P = 0.037). Figure 1 . Improvement of cognitive function in mice treated with cranial irradiation due to lithium prophylaxis. Cognitive function following cranial irradiation was studied in C57/BL6 mice. One-week-old pups were treated with daily i.p. injections of LiCl (40 mg/kg) or PBS for 7 days. On the 7th day of LiCl treatment, the pups were treated with 7 Gy of cranial irradiation or sham irradiation. Six weeks later, the animals were studied using hidden Morris water maze testing. Columns, average latencies of (A ) unirradiated versus irradiated male or female mice on days 1 and 9 and (B) irradiated versus irradiated after lithium treatment of male and female mice on days 1 and 9; bars, SE. *, P <0.05, Student's t test.
Attenuation of radiation-induced apoptosis by LiCl in hippocampal subgranular zone neurons in rodent models. We determined effect of radiation dose on the level of apoptosis in the subgranular zone by exposing 2-week-old mice to various doses of cranial irradiation. Pyknotic nuclei were counted within the subgranular zone of control and irradiated mouse brains ( Fig. 2A) . A dose-dependent increase in subgranular zone neuronal apoptosis was observed (Fig. 2B) . A dose as low as 2 Gy induced apoptosis in the neuronal precursor cells of the subgranular zone [70 per high-power field (HPF)]; 10 Gy resulted in 3-fold increase in apoptosis (200 per HPF; Fig. 2B ). Similar results were obtained using TUNEL staining of brain sections from mice that were treated with 3 or 7 Gy (Supplementary Fig. S2A-B) .
To determine whether lithium attenuates radiation-induced apoptosis in the subgranular zone, we started to treat mice pups with daily i.p. injections of LiCl beginning on postnatal day 14. On postnatal day 21, the animals were treated with cranial irradiation. Ten hours later, sections of the hippocampus were analyzed for apoptosis using TUNEL staining (Fig. 3A) . Subgranular zone neurons of animals treated with 7 Gy showed 50-fold increase in TUNEL stain compared with mice that were sham irradiated (0 Gy) or treated with LiCl alone. LiCl administration for 7 days before irradiation resulted in a 2-fold decrease in apoptosis in subgranular zone neurons in the mice brain compared with brains treated with 7 Gy alone (P = 0.012; Fig. 3B ). This protective effect of LiCl from radiation-induced apoptosis in hippocampus was additionally studied in different rodent model, Sprague-Dawley rat pups. In similar setting, we obtained similar results ( Supplementary  Fig. S3A-B) . The radioprotective effect of lithium in hippocampal neurons is therefore observed in both animal models.
LiCl effect on survival and apoptosis of irradiated HT-22, GL261, and D54 cells. Lithium is neuroprotective in several settings (17) (18) (19) (20) . A therapeutic advantage requires little protection of intracranial neoplasms, such as gliomas, which is concurrent with neuroprotection. To determine whether lithium pretreatment improved cell viability in irradiated hippocampal neurons compared with glioma cells, HT-22, GL261, and D54 cells were treated with 3 mmol/L LiCl for 7 days. Cells were irradiated, and survival was determined by clonogenic analysis. With increased dose of irradiation, LiCl treatment showed a selective increased viability of hippocampal neurons (Fig. 4A) , whereas it had no effect on the survival of irradiated GL261 or D54 cancer cells (Fig. 4B and C) . In apoptosis study, GL261 and D54 cells showed no radiationinduced apoptosis and therefore no effect of LiCl on apoptosis (data not shown). On the contrary, lithium protective effect in irradiated HT-22 cells, which we observed in clonogenic assay, was confirmed in apoptosis studies. Representative flow cytometry results following Annexin V-FITC and propidium iodide staining of HT-22 cells are shown in Fig. 5A . The apoptotic fraction of the cells in each treatment group was calculated as fold increase versus control group of three separate experiments (Fig. 5B) . Twenty-four hours after irradiation with 3 Gy, apoptosis in HT-22 cells increased 9-fold compared with untreated control cells. However, cells pretreated with LiCl showed attenuated radiation-induced apoptosis, up to 3-fold versus 9-fold in cells treated with radiation alone (P = 0.005; Fig. 5B ). The radioprotective effect of lithium in HT-22 cells was also assayed by using DAPI staining. Lithium produced up to a 4-fold decrease in apoptosis of LiCl-treated cells compared with cells treated with radiation alone (P = 0.011 for 8-hour time points, P = 0.015 for 16-hour time points, P = 0.031 for 24-hour time points; Fig. 5C ).
Effect of LiCl on Akt/GSK-3B pathway and Bcl-2/Bax protein expression ratio in HT-22 cells. Lithium is a known inhibitor of GSK-3h (27, 34) . To determine whether lithium treatment affects GSK-3h activity in hippocampal neurons and whether it is time dependent, total protein was extracted from HT-22 cells treated with LiCl for 1 to 5 days. Western immunoblotting with antibody specific for phosphorylated GSK-3h ser 9 is shown in Fig. 6A . Inhibitory phosphorylation of GSK-3h ser 9 was first observed after 3 days of treatment with 3 mmol/L LiCl (1.5-fold increase over time-matching control) and significantly increased after 5 days (2.2-fold increase), suggesting that 5 days of 3 mmol/L LiCl treatment are required to achieve inhibition of GSK-3h in HT-22 cells. This lithium-triggered inhibition of GSK-3h activity was sustained after irradiation of LiCl-treated HT-22 cells as shown by the increased inhibitory phosphorylation of GSK-3h ser 9 (2.2-fold increase) and by decreased activating phosphorylation of GSK3h
Tyr 216 (40% decrease; Fig. 6B ). This partially could be attributed to activation of Akt, the upstream kinase for negative regulation of Figure 2 . Radiation effects on hippocampal neurons in mouse brain. Two-week-old C57/BL6 mice were treated with the indicated doses of cranial irradiation. Ten hours later, the animals were sacrificed and brains were immediately fixed and coronally sectioned. Sections that contained hippocampus were stained with H&E. A, representative photographs (Â200) of mouse hippocampus treated with 0, 2, 4, and 10 Gy. The subgranular zone is outlined in the 0 Gy frame. Arrows, examples of pyknotic cells. B, eight HPFs (Â400) were observed and pyknotic cells were counted for each experimental group. Points, average number of pyknotic cells per HPF for each radiation dose group from three independent experiments; bars, SE. GSK-3h activity. As compared with ionizing radiation, lithium induced higher level phosphorylation of Akt ser 473 (1.5-fold versus 1.2-fold increase; Fig. 6B ). In addition, lithium pretreatment altered radiation-induced response of the GSK-3h downstream targets: an increased protein accumulation was observed for h-catenin and cyclin D1 (2-fold increase for both proteins; Fig. 6B ).
Bcl-2 is an antiapoptotic signaling molecule that inhibits the proapoptotic factor Bax through heterodimerization (35) . Bax function is required for radiation-induced apoptosis in the hippocampus (36) . Lithium has been shown to increase levels of Bcl-2 and decrease levels of Bax (29) . In our study, HT-22 cultured hippocampal neurons treated with 3 mmol/L LiCl showed 2-fold increase in protein expression of Bcl-2, whereas expression of Bax was not affected (Fig. 6A) . At 6 hours after irradiation with 3 Gy, protein level of Bcl-2 remained increased in LiCl-treated HT-22 cells (1.7-fold increase). In the same cells, expression of Bax became decreased up to 40%, promoting an antiapoptotic cellular response (Fig. 6B) .
LiCl-dependent regulation of multiple genes in HT-22 cells. To investigate neuroprotective effect of lithium on gene expression, we used microarray analysis approach. The expression of >30,000 mouse genes in HT-22 neuronal cells was analyzed after 7 days of treatment with 3 mmol/L LiCl compared with cells treated with PBS alone (Database S1). LiCl induced a >2-fold increase in several dozen genes involved in the antiapoptotic signaling, DNA repair mechanism, and neurogenesis or >2-fold reduction in expression of genes with proapoptotic activity (Database S1). We choose some of genes involved in apoptosis for further analysis. The results of Figure 3 . LiCl protection of hippocampal neurons from radiation-induced apoptosis in vivo. Two-week-old C57/BL/6J mice pups were treated with daily i.p. injections of LiCl (40 mg/kg) or PBS. On the 7th day of LiCl treatment, the pups were treated with 7 Gy of cranial irradiation or sham irradiation. Ten hours later, the animals were sacrificed and brains were fixed and coronally sectioned. TUNEL staining and hematoxylin counterstaining were done on sections that contained the hippocampus. A, representative photomicrographs of mouse hippocampus treated with 0 Gy, LiCl, 7 Gy, or 7 Gy + LiCl (HPF, Â200 and Â400). Arrows, examples of TUNEL-positive cells. B, columns, average numbers of TUNEL-positive cells per HPF in each treatment group from three independent experiments; bars, SE. *, P < 0.05, Student's t test. real-time PCR confirmed that LiCl treatment of HT-22 cells leads to preferential increased expression of antiapoptotic genes. For example, decorin and Birc1f showed increase in mRNA expression of LiCl-treated HT-22 cells, 2.5-fold and 1.4-fold, correspondingly. We also did Western blot analysis for decorin and NIAP in HT-22 cells treated with 3 mmol/L LiCl for 7 days before irradiation with 3 Gy. Compared with untreated cells, lithium treatment caused a significant increase of 1.6-fold in decorin protein expression (Fig. 6C) . In both untreated and LiCl-treated cells, we detected fulllength and several proteolytic fragments of NAIP (a member of BIRC family), which were reported previously (37) . In addition, a LiCl-dependent elevation from 1.4-fold to 2.2-fold in all protein forms of NAIP occurred in these neuronal cells. Interestingly, the 60-kDa NAIP (a member of BIRC family) fragment showed the highest increase of 2.2-fold in response to lithium. In direct contrast, the 60-kDa fragment was substantially reduced following irradiation (33% decrease; 1.7-fold versus 2.2-fold; Fig. 6C ), suggesting a potentially unique involvement of NAIP in lithium radioprotective effect for neurons.
Discussion
Cranial irradiation has been shown to cause significant longterm impairment in hippocampal-dependent learning and memory (31, 32) . In our study, 7 Gy of irradiation in 2-week-old pups caused significant destruction of performance in the Morris water maze, which is associated with altered hippocampal function (11) . This alteration could be due to hippocampus-specific apoptosis because in our study even small doses of radiation (1-2 Gy) induced apoptosis in the subgranular zone of the developing hippocampus but not in other areas of the brain. Female mice were more affected than males, which is also seen in clinical studies of females suffering more severe radiation-induced cognitive decline compared with males (4, 5, 33, 38) . Treatment with LiCl before cranial irradiation improved performance in the Morris water maze, suggesting that lithium attenuates the cognitive deficits that result from cranial irradiation. Lithium is neuroprotective against a variety of cytotoxic processes, including serum starvation (17) , oxygen and glucose deprivation (18, 19) , glutamate-mediated excitotoxicity (20) , and others (22, 27) . Because impaired performance in the Morris water maze is an indication of altered hippocampal function (11) and lithium has also been shown to delay radiation-induced apoptosis in the external granule cells of newborn mouse cerebellum (25), we studied effect of LiCl on apoptosis in irradiated hippocampal neurons. We found that 7 days of pretreatment with 3 mmol/L LiCl significantly decreased radiation-induced apoptosis of hippocampal neurons in rodent models. To confirm antiapoptotic mechanism of lithium protection from radiation, we applied cell culture models. By using clonogenic and apoptosis assays, we found that LiCl treatment increased survival of irradiated hippocampal neurons in culture through inhibition of apoptosis but did not affect glioma cancer cell lines. This may be related to findings that cancer cells typically do not undergo apoptosis in response to ionizing radiation, in contrast to hippocampal neurons from the subgranular zone. We speculate that the protective effect of LiCl is mediated primarily through the inhibition of apoptosis, which is minimal in irradiated cancer cells. This differential response to radiation provides a means to improve the therapeutic effect of cranial irradiation.
There is some evidence to suggest that inhibition of proapoptotic GSK-3h pathway is in part a mechanism of lithium protection. Administration of antisense oligonucleotides of GSK-3h protected hippocampal cells in culture from h-amyloid toxicity (39) . Lithium and GSK-3h inhibitors have been shown to protect neuronal outgrowth (40, 41) . Lithium inhibits GSK-3h activity both by displacing magnesium and indirectly inhibiting an activating phosphatases (27) , which leads to accumulation of inactive form of phosphorylated GSK-3h ser 9 (34) . We found that 5 days of LiCl treatment increased levels of phosphorylated GSK-3h ser 9 , which is consistent with prior studies (34) . This lithium-triggered accumulation of inactive form of GSK-3h was sustained after irradiation. In addition, lithium pretreatment altered radiation-induced response of proteins, which are upstream and downstream of GSK-3h, including activation of Akt and protein accumulation of h-catenin and cyclin D1. GSK-3h-dependent phosphorylation of h-catenin (28) and cyclin D1 (42) promotes their ubiquitin-mediated proteolytic degradation, which is a necessary part of normal transcription process and cell cycle progression. Lithium-triggered inhibition of GSK-3h in HT-22 cells may cause stabilization and accumulation of h-catenin and cyclin D1, leading to alterations in cell cycle, and subsequent protection from radiation-induced apoptosis.
GSK-3h is known to inhibit several crucial transcription factors involved in cell survival and proliferation. These transcription factors include CREB (43), HSF-1 (44, 45) , and AP-1 (46) . Lithium also has been shown to decrease levels of p53 and Bax while increasing levels of Bcl-2, and 5 days of lithium treatment were required to achieve maximal effect on protein levels (29) . In the present study, 5 days of LiCl treatment of HT-22 cells induced an increase in Bcl-2 but did not affect expression of Bax. However, combination of LiCl and radiation leads to sustained increased level of Bcl-2 and decreased level of Bax, creating classic antiapoptotic expression ratio of Bcl-2 family proteins. This could be attributed to lithium-dependent inhibition of GSK-3h (29, 47) . Taken together, the molecular mechanism of the radioprotective effect of lithium could be mediated in part by inhibition of GSK-3h.
In our study, 5 to 7 days of LiCl treatment were required to achieve protection from radiation effects. In contrast, 24 hours of treatment had no effect on neuronal cell viability (data not shown). This is consistent with the findings of Nonaka et al. (20) , which show significant neuroprotection of cerebellar granule cells in culture only after prolonged lithium treatment. These findings can be explained by modulation of transcription of genes that regulate apoptosis, which is likely required for the neuroprotective effect of lithium. In our study of LiCl-treated hippocampal neurons, microarray analysis revealed set of genes, including proapoptotic and antiapoptotic, which levels of expression are regulated by lithium. Specifically, decorin and NAIP represent interesting novel molecular targets. Decorin is an important antiapoptotic factor in a variety of cell systems (48) . NAIP belongs to BIRC proteins, also known as family of IAP proteins, which are antiapoptotic both in vivo and in vitro (49) .
In summary, pretreatment of subjects with lithium before cranial irradiation preserves neurocognitive function and prevents deleterious consequences of radiation therapy. Lithium radioprotection offers novel therapeutic targets for enhanced protection of normal neuronal tissue during radiotherapy.
